The heat capacity of chromium arsenide has been measured by adiabatic calorimetry from 5 to 1050 K and enthalpy increments have been taken over the range 875 to 1280 K with respect to 298.15 K by drop calorimetry. The heat capacity shows a distinct bell-shaped transition with a peak at 259.9 K related to the disappearance of antiferromagnetic helical ordering on heating. The enthalpy and entropy of this transition are 177 Cal* mol-' and 0.69 calth K-l mol-I, respectively. At 1170 K another transition is observed related to the phase change from the MnP-to the N&-type structure. The enthalpy and entropy of the latter gradual transition are 280 c& mol-1 and 0.22 cal, K-' mol-r, respectively. Thermodynamic functions have been evaluated and the vahres of C,, {S'(T)-S'(O)>,-{G"(T)-W(O)}/T at 298.15 K are 12.501, 15.40, and 6.990 c& K-l mold1 and 16.09, 32.53, and 19.86 calth K-l mol-r at 1000 K.
Introductioll
Chromium monoarsenide has been extensively studied by X-ray and neutron diffraction, magnetic susceptibility, and magnetization techniques,{'-") and two solid-state transitions have been described. The thermodynamic properties of CrAs are largely SAMPLE PREPARATION
Experimental
The synthesis was made at Clausthal from high-purity elements. Chromium, obtained from Johnson Matthey Metals Ltd., London, had mass fraction lo-' of metallic impurities. The arsenic was 99.9999 mass per cent pure, crystalline material from Preussag, F.R.G. The stoichiometric mixture of the elements was first heated for 2 d at 920 K and then for 5 d at 1170 K. The product was then crushed and heated for 10 d at 1120 K. The procedure was repeated again since arsenic was still observed in the tube. Even so, 0.3 mass per cent of arsenic remained unreacted. This corresponds to a composition CrAs,,,,,. The sample was examined by X-ray diffraction, using KC1 as calibrating substance, a(293 K CALORIMETRIC TECHNIQUE 5 to 350 K, University of Michigan. The heat capacity of CrAs was measured in the Mark II adiabatic calorimetric cryostat described elsewhere.'22' A gold-plated copper calorimeter (W-52) with a volume of 59 cm3 was used. Temperatures were measured with a capsule-type platinum resistance thermometer (A-5) located in a central well in the calorimeter. The calorimeter was loaded with sample, and evacuated, and helium gas was added at 7.2 kPa pressure to provide thermal contact between sample and calorimeter. It was then sealed, placed in the cryostat, and cooled. Temperatures are judged to correspond to IPTS-68 within 0.02 K from 4 to 350 K. Measurements of mass, resistance, potential, current, and time were referred to standardizations and calibrations performed at the U.S. National Bureau of Standards.
The heat capacity of the empty calorimeter was determined in a separate series of experiments. The heat capacity of the 136.49 g sample represented from 80 to 90 per cent of the total. Small corrections were applied for temperature excursions of the shields from the calorimeter temperature and for "zero drift" of the calorimeter temperature. Further small corrections were applied for differences in amounts of indium + tin solder, helium gas, and Apiezon-T grease. 300 to 1050 K, University of Oslo. The calorimetric apparatus and measuring technique have been described. (23) The calorimeter was intermittently heated, and surrounded by electrically heated and electronically controlled adiabatic shields. The substance was enclosed in an evacuated and sealed vitreous-silica tube of about 50 cm3 volume, tightly fitted into the silver calorimeter. A central well in the tube served for the heater and platinum resistance thermometer.
The platinum resistance thermometer for the high-temperature heat-capacity calorimeter was calibrated locally at the ice, steam, zinc, and antimony points. Temperatures are judged to correspond to IPTS-68 within 0.05 K from 300 to 900 K and within 0.2 K at 1050 K. The accuracy in the energy inputs is about 0.03 per cent. The heat capacity of the empty calorimeter, including the vitreous-silica container, was determined in a separate series of experiments. The heat capacity of the 139.20 g sample represented about 55 per cent of the total. Corrections were applied for ET AL.
"zero drift" of the calorimeter and for differences in the masses of the vitreous silica containers. 875 to 1280 K enthalpy increments relative to 298.15 K, University of Oslo. An aneroid drop calorimeter operating in air was used in the determinations. Details of the construction have been described (24) together with results obtained for a IV. Calorimetry Conference sample of 0z-Al,O,.
About 5 g of CrAs was sealed in a vitreous-silica container which again was placed in a (platinum + 10 per cent by mass of rhodium) container in a vertical tube furnace, The equilibrated sample assembly was hoisted into the silver calorimeter with electrically heated adiabatic shields, and the temperature increment of the calorimeter measured with a quartz thermometer (HP Model 28OlA). The sample temperature in the furnace was measured with a Pt-to-PtRh (10 per cent Rh by mass) thermocouple. Uncertainty in the sample temperature, estimated to be about 1 K at 1300 K, represents the main source of error in the enthalpy determinations.
Results
The experimental heat capacities from both the low-and high-temperature ranges are presented in table 1. These are arranged in chronological order so that temperature increments used may usually be inferred from differences in mean temperatures. The enthalpy increments from drop calorimetry are presented in 
in which X = (T/K-500.5)/800.5 over the region 700 to 1180 K.? The deviations of the experimental points are represented by a standard deviation of 0.1 per cent. A comparison of both enthalpies and heat capacities in the overlap region is given in table 3. The low-temperature heat capacities are displayed in figure 1 with details of the low-temperature transition shown in figure 2 and the high-temperature results in figure 3 . The standard deviation of a single heat-capacity measurement is less than 1 per cent from 8 to 25 K, 0.1 per cent from 25 to 300 K, and 0.2 per cent from 300 to 350 K. In the higher-temperature region it is 0.5 per cent. For the heat capacity derived from enthalpy increments above 1180 K, it is several per cent.
LOW-TEMPERATURE TRANSITION
The transition was mapped with four series of determinations. Determinations of series V and VIII were made only after the sample had been taken to 60 K, and determination of series XII, XIII, and XV were made after the sample had been taken to 4 K. For series V and VIII the sample was first cooled to 240 K and after approximately 1 h determinations were begun. Equilibrium was reached 25 to 40 min after each energy input. For series XII, XIII, and XV through the transition, the sample was cooled to 200 K and then heated slowly over 5 h to 250 K. The automatic controllers were offset to compensate for quasi-adiabatic drift, and for the determint Throughout this paper calth = 4.184 J; atm = 101.325 kPa. b Values in the a-to S-quartz region not used in the curve fitting. ations in the transition: region both the energy inputs and drift times (30 min) were kept constant. The scattering in the two first series may be due to hysteresis and failure to achieve equilibrium. It is also interesting that the heat-capacity maximum moved to a higher temperature after the sample was taken to 4 K. The heat capacity rises to a rounded peak and then drops smoothly but gradually. Hence, the higher-temperature slope of the transition curve should be populated with experimental points in contrast to that of typical magnetic-disordering transitions. The shoulder on the hightemperature side of the transition is another peculiar feature. The enthalpy determinations through the transition region are summarized in table 4. A cooling curve taken at a rate of about 0.09 K min-r is illustrated in figure 4 . The rate of cooling slows Heat capacities derived from enthalpy measurements increased continuously in the range 1050 to 1180 IL The mean heat capacity between 1180 and over the range to 1204 K is, however, much lower than below 1180 K and the transition temperature is therefore taken as (1180 + 10) K.
Above the transition the enthalpy values show some scattering and indicate that the heat capacity drops to as low as 14 Cal,, K-' mol-l at 1210 K and then rises to 16.5 cal,, K-' mol-' at 1280 K. In view of the uncertainty in the derived heat-capacity values we chose to neglect the dip at 1210 K and estimated the mean heat capacity in this region to be about 15.7 Cal,, K-' mol-I, which is consistent with the total enthalpy up to 1280 K (see end of table 5 and figure 3).
THERMODYNAMIC FUNCTIONS
The experimental heat capacities for the low-and high-temperature series were fitted to polynomials in reduced temperature by the method of least squares, and integrated to yield values of thermodynamic functions at selected temperatures. Below 10 K the heat capacities were smoothed and extrapolated with a plot of CJTagainst T2 and the functions evaluated by extrapolation. The coefficient y of the electronic heat capacity was found to be y = (1.8 + 0.2) x 10V3 Cal,, Ke2 mol-'. Within the low-temperature transition region the values were read from a large-scale plot and the thermodynamic functions were calculated by numerical integration of the curves with Simpson's rule. The enthalpy increments were fitted to the function:
in the region 900 to 1180 K. The heat-capacity curve obtained by differentiation of this function was joined smoothly at 1050 K with the heat-capacity curve from adiabatic calorimetry. This smoothed curve was then integrated to yield thermodynamic functions between 900 and 1180 K. The enthalpy increments in the hightemperature transition region were plotted and a smooth curve was drawn through the points. The heat capacity and thermodynamic functions were then calculated by hand. The thermodynamic functions from 5 to 1300 K are presented in table 5. Above 100 K the precision of the values in this table (taken as twice the standard deviation) is 0.2 per cent for the heat capacity, and 0.15 per cent for the thermodynamic functions over the low-temperature range; over the high-temperature range they are 0.4 and 0.2 per cent, respectively.
Discussion

LOW-TEMPERATURE TRANSITION
In attempting to ascertain the thermodynamics of the magnetic-ordering transition, we note that apparently none of the MnP-type pnictides is diamagnetic."@ This makes it difficult to find an adequate lattice heat-capacity model among the isostructural analogs of CrAs such as FeAs, CoAs, MnAs, and FeP. A further complication is that Schottky-type contributions to the heat capacity are anticipated above the transition. In order to estimate the lattice contribution, the heat-capacity curve far below q was smoothly joined with the C,-curve above the transition. The estimated lattice heat capacity is displayed in figure 1 by the dashed line. With this lattice estimate we find AS, = 177 Cal,, K-' mol-' and AH, = 0.69 Cal,, mol-'. Kazama and Watanabe(") reportedT, = 265 K and AH, = 124 Cal,, mol-' for this transition as determined by continuous heating adiabatic calorimetry. The heat capacities shown in the figure by Kazama and Watanabe, (11) which can be read to only about 5 per cent, are in reasonable accord with the present results. The discrepancies in AH, and T stem most probably from the different methods used: dynamic versus equilibrium measurements-but differences in the non-transitional heat capacity chosen, as well as differences in the nature of the samples are presumably also of importance.
Kazama and Watanabe" ') found excellent agreement between the observed entropy of transition, AS,,, = 0.47 Cal,, K-' mol-', and that estimated from the sudden drop in sublattice magnetization as determined by neutron diffraction, AScalc = 0.48 Cal,, K-' mol -'. The latter value was derived by fitting the reduced magnetization to Brillouin-function behavior for spin quantum number S = 1, which resulted in a critical magnetization cc = 0.55 at the transition temperature (264 K). The corresponding gain in entropy can then be found in existing tabulations. (25) The presently observed transitional entropy is considerably larger, however, but no exact correspondence is to be expected due to the change in bonding energy and volume in the transition.
The value of the transition temperature, T, = (259.86 + 0.05) K, is not within the broad temperature range from 240 to 190 K assigned to the occurrence of the transition by Boller and Kallel" ') and is also much lower than the approximate value of 280 K reported by Watanabe et al. ('I from neutron-diffraction studies. As reported in the experimental section and illustrated by figure 2, some scattering and a slightly lower heat-capacity maximum was obtained from results taken before cooling the sample to 4 K. This is an indication of the dependence of the thermal behavior upon thermal history.
X-ray crystallographic,('3) neutron diffraction('21 13) and magnetization(") studies have shown that the transition is of first order. The magnetization studies seem of doubtful validity in this connection, however, as the investigations by Sobczak and Boiler(") and Sobczak(26) have shown that the adjacent more chromium-rich phase, Cr4As3, becomes ferromagnetic below 250 K (T, = 246 K for Cr0.5gAs0.41). Thus, any change in magnetization of CrAs connected with the low-temperature transition is overshadowed by the presence of a small amount of the Cr,As, phase.
The shape of the heat-capacity curve suggests that the transition is of higher order, but the hysteresis and long equilibrium times support classification of the transition as one of first order. Bean and Rodbell (") have presented a model for first-order magnetic transitions, in which the transition is shifted to higher temperatures as a consequence of the exchange interactions' dependence on interatomic distances and the volume change at the transition, According to their model the transition should revert at a lower temperature, which should also provide a better estimate of the magnetic interactions than the transition temperature on heating. We have also found that CrAs transforms back at 253 K, or 6 K below the value determined on heating, and see the unusual shape of the heat-capacity curve as an indication of slow volumedependent processes.
It is noteworthy that the considerable volume contraction on heating (about 2.1 per cent according to Kazama and Watanabe(") As judged from the size of the localized moment only a fraction of the 3d-electrons appear to be localized in the low-temperature phase, and a partIy collective behavior is evidenced by the electrical conductivity of CrAs. Kazama and Watanabe(") reported an almost linear increase in resistivity from 1.7 x low4 Q cm at 100 K to 7 x 10T4 Q cm at 250 K. Above the transition the resistivity remained practically constant (6.5 x 10m4 Q cm). Busch and Hulliger'2*' ascribed semiconducting properties to CrAs, while Selte et a1.(12' found that the diffuse reflectance decreased uniformly in the range 240 to 2000 nm, and thus gave no indication of semiconducting properties.
The electrical properties of CrAs are thus not much changed by the structural change from one MnP-type arrangement into another, but as evidenced by the increasing magnetic susceptibility, the changed band structure allows more readily for population of excited electronic states. The band-structure picture is still not advanced beyond the qualitative stage,(l 3, and further refinements are needed.
HIGHER-TEMPERATURE REGION
1.n the absence of a good heat-capacity model for CrAs, its lattice heat capacity was derived from an estimate of the effective Debye temperature in the lower-temperature region and application of a dilational heat-capacity term. The constant Debye temperature used for calculating C$(lattice) in the harmonic approximation in the higher-temperature region was taken as the maximum of or, in a plot against t.emperature. It turned out to be 13, = 370 K. According to Griineisen(2g) the dilational heat capacity is
where u is the expansion coefficient, r the Griineisen parameter, C, the heat capacity at constant volume, and T the thermodynamic temperature. The Griineisen parameter (r = clV/lcC,>, where Vis the molar volume and rc is the isothermal compressibility, is not known exactly for CrAs since its compressibility has not been determined, but r = 2 is assumed on the basis of values for related compounds. The volume expansion coefficient, taken from the X-ray work by Selte and Kjekshus(r4' is rather large and results in a considerable dilational contribution from 300 K and up to the MnPto NiAs-type transition temperature. Even so, a large discrepancy exists between the calculated and observed heat capacity at constant pressure, which we attribute to the population of excited electronic states in chromium, amounting to about 1.1 Cal,, K-' mol-l at 500 K and 1.9 Cal,, K-' mol-r at 1000 K. In a regular octahedral ligand field the 4A,, term is always lowest, and the four-fold spin degeneracy and the correspondingly high-spin entropy is therefore expected to persist to low temperatures. This energetically unfavorable low-temperature situation is obviously circumvented by the deformation characteristics of the MnP-type structure. The observed excess heat capacity is compatible with a 1,l Schottky excitation in the intermediate temperature range, followed by another excitation which we relate to the 'E, term.
The best fit was obtained with the following levels and degeneracies: (IE(hc)-'/cm-', gl); IO,21 ; 1900,21; 1400,41. The curve is shown in figure 3 and the fit is good between 400 and 800 K. Below 400 K residual ordering probably contributes to the heat capacity since the actual AS, = 0.69 cal, K-r mol-' is so much lower than the expected value R In 2 = 1.38 cal, K-' mol-', see figure 5. In the region above 800 K the transition from the MnP-to the N&,-type structure contributes to the heat capacity. The transition appears to be continuous, that is without observable isothermal energy absorption on heating. The non-transitional heat capacity in this region was estimated as a sum of vibrational, dilational, and Schottky contributions, and the resulting transitional enthalpy and entropy are AH, = 280 Cal,, mol-' and AS, = 0.22 Cal,, K-' mol-'. The continuous nature of the transition accords with the theoretical analysis by Franzen et al. (30) that according to the Landau theory the transition from the MnP-to the NiAs-type structure can be of second order.
In the region above the transition the heat capacity decreases to about 15.7 Cal,, K-l mol-I, which is probably due to the smaller dilational and magnetic contributions in this region. Selte and Kjekshus (14) found that the volume expansion is less pronounced above the transition, and a proportionally smaller dilational heat capacity contribution is indicated in figure 3 . Below the transition a 2,2,4 Schottky heat-capacity contribution was assumed, but above the transition a 4,4 contribution is anticipated since in the octahedral field of the NiAs-type structure the 4A,, state might not be split. The magnetic heat-capacity contribution in this range is, therefore, approximated by the following levels and degeneracies (lQhc)-'/cm-l, gl); 10, 41: 12400,41, see figure 3. The experimentally derived heat capacities above the transition agree with this estimate within their limited accuracy.
